Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease for which there are no validated biomarkers. Previous exploratory studies have identified a panel of candidate protein biomarkers in peripheral blood mononuclear cells (PBMCs) that include peptidyl-prolyl cis-trans isomerase A (PPIA), heat shock cognate protein 71 kDa (HSC70), heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) and TDP-43. It has also been found that PPIA plays a key role in the assembly and dynamics of ribonucleoprotein (RNP) complexes and interacts with TDP-43. Its absence accelerates disease progression in a SOD1 mouse model of ALS, and low levels of PPIA in PBMCs are associated with early-onset ALS. However, the diagnostic and prognostic values of PPIA and the other candidate protein biomarkers have not been established. We analyzed the PBMC proteins in a well-characterized cohort of ALS patients (n=93), healthy individuals (n=104) and disease controls (n=111). We used a highly controlled sample processing procedure that implies two-step differential detergent fractionation. We found that the levels of the selected PBMC proteins in the soluble and insoluble fraction, combined, have a high discriminatory power for distinguishing ALS from controls, with PPIA, hnRNPA2B1 and TDP-43 being the proteins most closely associated with ALS. We also found a shift toward increased protein partitioning in the insoluble fraction in ALS and this correlated with a worse disease phenotype. In particular, low PPIA soluble levels were associated with six months earlier death. In conclusion, PPIA is a disease modifier with prognostic potential. PBMC proteins indicative of alterations in protein and RNA homeostasis are promising biomarkers of ALS, for diagnosis, prognosis and patient stratification. J o u r n a l P r e -p r o o f Journal Pre-proof consisting of a complex interplay between activated glial cells and immune cells seems to have an impact on the onset and progression of the disease [18]. It would be important to identify biomarkers for monitoring the efficacy of new drugs targeting such mechanisms. Peripheral blood mononuclear cells (PBMCs), which are mainly lymphocytes and monocytes, are an accessible and feasible source of human cells for this purpose.
Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease causing a progressive degeneration of upper and lower motor neurons, resulting in paralysis and death, usually within 20 to 48 months from onset [1] . Diagnosis is based mainly on clinical evaluation with a history of progression of symptoms and is usually made in about a year [2] . ALS is clinically, genetically and neuropathologically highly heterogeneous, which makes the identification of biomarkers and development of effective therapies challenging [3] . There are still no validated biomarkers for early diagnosis, prognosis, to monitor the progression of the disease, stratify patients and assess the efficacy of new treatments [4] .
Several studies have shown that neurofilaments (NFs) are elevated in cerebrospinal fluid (CSF) and blood of patients with ALS, even at a presymptomatic stage [5, 6] , and at the moment these are the most promising molecular biomarkers with diagnostic value [7] [8] [9] . There is also growing evidence of the potential utility of NFs in predicting prognosis and monitoring treatment efficacy [10] . However, NFs reflect neuroaxonal injury and are high not only in ALS, but in other neurodegenerative diseases too [11] . Their diagnostic and prognostic value is higher in CSF, which is a more invasive source of biomarkers than in blood [12] . Results have been promising for the NF light chain in serum [7, 8] , but only fourth-generation singlemolecule array technology can detect the whole range of concentrations in blood [13] .
TAR DNA-binding protein 43 (TDP-43) is a nuclear RNA binding protein that regulates several steps of RNA metabolism [14] . Upon stress, TDP-43 is recruited into stress granules and this may lead to its persistent accumulation in the cytoplasm [15, 16] . With 2-3% of ALS patients carrying mutations in and ∼97% of all ALS cases presenting TDP-43 pathology, TDP-43 is likely to be involved in a key pathogenic mechanism common to all forms of the disease. It is therefore an interesting biomarker to detect in biological fluids. However, none of the studies so far in CSF or blood have reported encouraging results for its use in diagnosis or prognosis and there are no surrogate biomarkers reflecting TDP-43 pathology [12] .
Motor neuron degeneration is a non-cell autonomous process [17] . A neuroinflammatory reaction They display pathological features mirroring those occurring in the central nervous system, including TDP-43 cytoplasmic mislocalization [19] [20] [21] [22] [23] . In exploratory studies in PBMCs of ALS patients, we identified protein profile changes in comparison with controls indicative of alterations in protein and RNA homeostasis [19, 20] .
In particular, PBMC levels of peptidyl-prolyl cis-trans isomerase A (PPIA), also known as cyclophilin A, heat shock cognate protein 71 kDa (HSC70), heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) and TDP-43 distinguished ALS patients from healthy controls and, in the case of PPIA, also from those with other neurological diseases [19] .
PPIA is a multifunctional protein: a foldase [24] , a molecular chaperone [25] , and an interactor of RNA-binding proteins [26, 27] . PPIA binds TDP-43 in the low-complexity domain and regulates its function [27] . It affects TDP-43-dependent expression of genes involved in the clearance of protein aggregates, and plays a role in the assembly and dynamics of ribonucleoprotein (RNP) complexes [26, 27] . Patients with early disease onset have low PPIA levels in PBMCs [20] . Accordingly, the absence of PPIA in the SOD1 mouse model of ALS exacerbates aggregation and accelerates disease progression, indicating that PPIA is a disease modifier [27] . HSC70, a constitutively expressed member of the heat shock protein 70 family, is a molecular chaperone involved in protein folding and degradation in normal and stress conditions [28] . It was found sequestered in protein aggregates in the spinal cord of the SOD1 mouse model and sporadic ALS patients [29] .
HnRNPA2B1 shares many characteristics with TDP-43. It is involved in all aspects of RNA processing, contains two RNA recognition motifs, has a glycine-rich low-complexity domain that makes it prone to aggregation, and interacts with PPIA within RNP complexes [27] . Mutations within the hnRNPA2B1 gene have been associated with multisystem proteinopathy and ALS, although they are exceedingly rare [30, 31] .
In this study, we investigated further in a large, well-characterized cohort of ALS patients, whether changes in PBMC protein levels could be of use in diagnosis, prognosis and patient stratification. We established a highly controlled procedure for sample collection, protein extraction and immunoassays that can be easily implemented in any laboratory.
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Materials and Methods

ALS patients and control subjects
The study was approved by the Ethics Committees of the clinical centers involved: ICS Maugeri IRCCS, Milano, NEuroMuscular Omnicentre (NEMO), Milano, Casa Cura Policlinico, Milano, and written informed consent was obtained from all subjects. The diagnosis of ALS was based on a detailed medical history and physical examination, and supported by electrophysiological evaluation. Inclusion criteria for ALS patients were: i) 18-85 years of age; ii) diagnosis of definite, probable or laboratory-supported probable ALS, according to revised El Escorial criteria [32] ; iii) signs of disease progression in the last three months; iv) treatment with riluzole (100 mg a day) for at least 30 days. Exclusion criteria were: i) familial ALS; ii) diabetes or severe inflammatory conditions; iii) active malignancy; iv) pregnancy or breast-feeding. For some analyses, ALS patients were stratified according to the rate of disease progression expressed as ΔALSFRS-R (48-ALSFRS-R)/disease duration in months), as slow ALS with ΔALSFRS-R ≤ 0.5, moderate ALS with ΔALSFRS-R > 0.5 and <1, and fast ALS with ΔALSFRS-R ≥ 1, as described by [33] . Symptom duration was defined as the time (in months) from symptom onset to blood withdrawal. Survival was considered as the time (in months) from blood withdrawal to death or tracheostomy. The control subjects were: healthy individuals (Healthy) (n=104) and subjects with other neurological/neuromuscular diseases (n=111).
Controls patients were grouped in patients with diseases affecting the central nervous system (CNS controls) (n=63) and patients with diseases affecting the peripheral nervous system or muscles (Periphery controls) (n=48). CNS controls were: ischemic stroke (n=15), hemorrhagic stroke (n=12), unspecified stroke (n=12), Parkinson's disease (n=15), multiple sclerosis (n=4), progressive supranuclear palsy (n=2), multisystem atrophy (n=2), fragile X-associated tremor/ataxia syndrome (n=1); and patients with diseases affecting the peripheral nervous system (Periphery controls) (n=48): myotonic dystrophy type 1 (n=15), limb-girdle muscular dystrophy (n=8), facioscapulohumeral muscular dystrophy (n=6), Becker muscular dystrophy (n=3), myotonic dystrophy type 2 (n=1), Duchenne muscular dystrophy (n=1), Emery-Dreifuss muscular dystrophy (n=1), peripheral neuropathy (n=5), myasthenia gravis (n=3), Charcot-Marie-Tooth disease (n=2), inclusion body myositis (n=2), mitochondrial myopathy (n=1). The main characteristics of the subjects involved in the study are summarized in Table 1. J o u r n a l P r e -p r o o f
Blood collection and PBMC isolation
Blood was drawn by standard venipuncture at the clinical centers in 6-mL Vacutainer® Plus Plastic K2EDTA Tubes (Becton, Dickinson and Company), kept at 4°C and shipped as soon as possible to the Istituto di Ricerche Farmacologiche Mario Negri IRCCS, where PBMC isolation was started not more than 4h after blood collection, as follows:
1. Dilute blood (1:1) with room-temperature RPMI 1640 medium (Lonza).
2. Fill 50 mL-Falcon tubes with room-temperature Ficoll-Paque Plus (GE Healthcare) (7 mL per 10 mL diluted blood).
3. Underlay carefully diluted blood into each tube, avoid mixing the two layers.
4. Centrifuge at 800 x g for 30 minutes (brake off) at 18-20°C.
5.
Pipette off most of the plasma, and discard. 6. Carefully aspirate the buffy coat and transfer it into 15 mL-Falcon tubes, avoiding aspirating the Ficoll-Paque layer (granulocyte contamination).
Cell washings (four times):
-add three volumes of RPMI and centrifuge at 400 x g for 15 minutes at 18-20°C, to remove plasma and platelets -pipette off supernatant, suspend cells in RPMI, and centrifuge at 200 x g for 10 minutes at 18-20°C, to remove platelets -pipette off supernatant, suspend cells in RPMI, centrifuge at 300 x g for 10 minutes at 18-20°C -pipette off supernatant, suspend cells in RPMI, divide into aliquots in 1.5-mL tubes and centrifuge at 300 x g for 10 minutes at 18-20°C 8. Pipette off supernatant and store PBMC pellet vials at -70°C until protein extraction.
Protein extraction
J o u r n a l P r e -p r o o f Journal Pre-proof PBMC pellets (n=308) were processed in the same day (step 1) by four operators each processing six samples at the time (Figure 1 ). PBMC pellets were placed on ice, suspended with pre-warmed at 95 °C buffer 1 (20 mM Tris-HCl pH 7.5, 0.1% NP40, 0.1% SDS, cOmplete™ Protease Inhibitor Cocktail Tablets in EASYpacks, Roche, 1 tablet /10 ml buffer), and vortexed for 30 seconds. Samples were kept at 95°C and shaken at 800 rpm for 5 minutes in a Thermomixer Comfort (Eppendorf), then centrifuged at 16.000 x g for 10 minutes at 4°C. The supernatants were collected and kept on ice, while the pellets were stored at -70°C until further processing (step 2). Protein in supernatants were quantified by Quick Start™ Bradford Protein Assay (Bio-Rad) using a Zephyr® liquid handler workstation (Perkin Elmer). Supernatants were split into aliquots ready for slot blot (6 µg of total protein lysate diluted with 200 µl Tris-buffered saline, pH 7.5) and stored at -70°C until protein analysis (PBMC-soluble). In step 2, insoluble pellets were processed the same day by four operators each processing six samples at a time. Samples were placed on ice, suspended with buffer 2 (1% SDS at 95°C) and vortexed for 30 seconds. Samples were kept at 95°C and shaken at 800 rpm for 5 minutes in the Thermomixer. Protein quantification was done with a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) on the Zephyr liquid handler. Samples were split into aliquots ready for slot blot (6 µg of total protein lysate diluted with 200 µL Tris-buffered saline, pH 7.5), and stored at -70°C until protein analysis (PBMC-insoluble). An index of protein insolubility was calculated as the ratio of total protein µg in the PBMC-insoluble to total protein µg in the PBMC-soluble for each sample.
Western blot analysis
Western blot analyses with pools (n=10) of PBMC samples from ALS and control subjects were done to verify antibody specificity before slot blot analysis, and to investigate protein partitioning ( Supplementary   Fig. 1-3 ). The main characteristics of the subjects analyzed are summarized in Supplementary Table 2 .
Proteins quantified by the BCA protein assay (Pierce) (25 µg) were suspended in Laemmli sample buffer, separated by electrophoresis on 12% polyacrylamide gels and transferred onto PVDF membranes (Millipore), as previously described [54] . Blots were probed with the following primary antibodies: rabbit polyclonal anti-PPIA (Millipore, RRID: AB_2252847, 1:2500 dilution), rabbit polyclonal anti-TDP-43 (Proteintech, RRID: AB_2200505, 1:2500 dilution), mouse monoclonal anti-hnRNPA2B1 (Abnova, RRID: AB_2117203, 1:2500 dilution), mouse monoclonal anti-HSC70 (Santa Cruz, RRID: AB_627761, 1:1000 dilution), rabbit J o u r n a l P r e -p r o o f Journal Pre-proof polyclonal anti-SOD1 (StressMarq, RRID: AB_2704232, 1:1000 dilution), rabbit polyclonal anti-TIA1 (Proteintech, RRID:AB_2201427, 1:1000), rabbit polyclonal anti-G3BP1 (Proteintech, RRID: AB_2232034, 1:2500 dilution), rabbit polyclonal anti-ubiquitin (Dako, RRID:AB_2315524, 1:800), mouse monoclonal anti-SQSTM1/p62 (Abcam, RRID: AB_945626, 1:500). Next, blots were incubated with peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology) and developed with Luminata TM Forte Western Chemiluminescent HRP Substrate (Millipore) on the ChemiDoc™ Imaging System (Bio-Rad). Densitometry was done with Image Lab software v 6.0 (Bio-Rad). Immunoreactivity was normalized to the Red Ponceau staining (Fluka). Partitioning in PBMC-soluble and PBMC-insoluble was expressed as percentages of the total protein level.
Slot blot analysis
Slot blot on a 48-well was used for the analysis of PPIA, TDP-43, hnRNPA2B1, HSC70 and SOD1.
The primary antibodies and dilutions were the same as for Western blot analysis. To minimize inter-assay variability, slot blot analysis with all samples (n=308) was done for each protein on multiple 48-well slots the same day ( Fig. 1 ). Aliquots of protein lysates were thawed on ice, vortexed for 30 sec, and directly loaded in The multinomial logistic regression model was used to detect and calculate differences in the distribution of the PBMC biochemical parameters. Post hoc tests based on Bonferroni correction were used to identify the primary pairwise comparison explaining the differences. To assess the diagnostic performance of the biomarkers alone or combined, a receiver operating characteristics curve (ROC curve) was constructed, and the area under the curve (AUC), with 95% confidence interval (95% CI), was calculated using the logistic regression model. To estimate the AUC of the combined biomarkers we applied the following statistical procedure: (i) a single conditional imputation of missing values for all candidate predictors was done with the R transcan function with the following option: imputed=T, transformed=T, impact="score"; (ii) a full multivariable model with a linear combination of predictors on the original scale was fitted; (iii) a fastbackward step-down procedure with total residual Akaike information criterion as the stopping rule was investigated by the R fastbw function, to address overfitting of the multivariable model and identify the predictors that explain the bulk of the ALS condition. Discriminant function analysis method was used to find the optimal cut-off from the ROC curve from which sensitivity, specificity and correct classification were derived. Pearson's correlation coefficient (r) was calculated to measure the linear strength of the association between biomarkers and the clinical characteristics of ALS patients (ALSFRS-R, ΔALSFRS-R, and symptom duration at sampling). Disease duration was defined as the time between sampling and death or tracheostomy, whichever occured first. Biomarkers were evaluated as predictors of disease duration using the Cox regression model. The Kaplan-Meier method was used to estimate survival distributions. The reverse Kaplan-Meier method was used to estimate the length of follow-up. We stratified patients for high or low levels of biomarkers, using the median as a cut-off, because of the limited number of patients with follow-up data. Nonparametric statistics (median, interquartile range and range) were used to describe biomarker distributions.
Statistical analyses were done using Prism 7 (GraphPad, version 7.02) and SAS software, version 9.4.
Regression modelling strategies were done with R statistical software, version 3.5.0.
J o u r n a l P r e -p r o o f
Results
High-throughput analysis of PBMC proteins from ALS patients and controls
The study comprised 308 PBMC samples from ALS patients (n=93), healthy subjects (n=104), and patients with other diseases (n=111), grouped as those with diseases affecting the central nervous system (CNS controls) and those with diseases affecting the peripheral nervous system or muscles (Periphery controls). The main demographic and clinical characteristics of the subjects involved in the study are set out in Table 1 .
Controlled procedures were followed for each step of the study, from blood collection and PBMC isolation to protein extraction and analysis, as described in the Methods section. Proteins were extracted from PBMC pellets the same day for all samples, to limit inter-assay variability, using a two-step differential detergent fractionation method ( Fig. 1A ). PBMC lysates with buffer 1 mainly comprised highly soluble proteins so we defined it as the soluble fraction (PBMC-soluble). From step 1 extraction we obtained a pellet that was further extracted with 1%-SDS solution (step 2), isolating a protein fraction defined as PBMC-insoluble. Finally, PPIA, HSC70, hnRNPA2B1 and TDP-43 were analyzed by slot blot in PBMC-soluble and PBMC-insoluble, examining multiple 48-well slots for each protein with all PBMC samples the same day (Fig. 1B ).
Soluble PBMC proteins
The levels of PPIA, HSC70, TDP-43 and hnRNPA2B1 were analyzed in PBMC-soluble isolated from ALS patients and controls (Healthy, CNS and Periphery controls) ( Fig. 2) . In all cases the proteins were distributed differently in the four groups in univariate analysis and in multivariate analysis, adjusting for age and sex ( Table 2 , Supplementary Table 1 ). Soluble PPIA and HSC70 in ALS patients were different respect to Healthy controls, while soluble hnRNPA2B1 and TDP-43 were not ( Fig. 2A-D) ; PPIA and HSC70 were respectively lower and higher in ALS than in Healthy controls. HSC70 in ALS was also higher than in CNS controls. Soluble hnRNPA2B1and PPIA were lower than in CNS and Periphery controls, while TDP-43 was lower only than Periphery controls. When we stratified ALS patients on the basis of the rate of disease progression (ΔALSFRS-R), as fast, moderate or slow ALS, we observed a progressively lower level of soluble hnRNPA2B1 as the rate of disease progression rose ( Fig. 2E) . No difference was found for PPIA, HSC70, TDP-43 in ALS patients with different disease progression rates (data not shown).
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Insoluble PBMC proteins
From step 1 extraction a pellet was obtained containing hydrophobic membrane proteins, multiprotein complexes and in general supramolecular assemblies with limited solubility. We defined the ratio of the amount of total protein in PBMC-insoluble to that in PBMC-soluble as the insolubility index, and we calculated this index for each PBMC sample ( Fig. 3 , Table 2 , Supplementary Table 1 ). It was higher in the pathological controls than in Healthy controls. In particular, it was highest in ALS patients and significantly different from Healthy and Periphery controls, but not from CNS controls. We further characterized the PBMC-insoluble by measuring markers of ALS pathology in a pool of PBMC samples from ALS patients and Healthy, CNS and Periphery controls (see Supplementary Table 2 for clinical characteristics). The insoluble fraction in all pathological conditions was enriched in TDP-43 and its 35 kDa TDP-43 fragment, while the 25 kDa TDP-43 fragment was specifically enriched in ALS samples ( Supplementary Fig. 2C-F ). PBMC-insoluble was also enriched in TIA1 and G3BP1, markers of stress granules, SQSTM1/p62, a marker of protein inclusions, but not in ubiquitin ( Supplementary Fig. 3 A-D). There was a shift toward increased partitioning in the PBMCinsoluble for hnRNPA2B1, in all pathological conditions, while for PPIA and SOD1, this was seen only in ALS patients (Supplementary Fig. 2A ,G,H). Cereda et al. [34] reported higher levels of insoluble SOD1 in PBMCs of sporadic ALS patients compared to healthy individuals. We measured SOD1 in our patients and controls, in the PBMC-soluble and insoluble ( Fig. 2F, Fig. 4F ). Soluble SOD1 in ALS patients was not different from Healthy and CNS controls, but was high in Periphery controls compared to all the other experimental groups (Fig. 2F ). Insoluble SOD1 was higher in ALS patients than in Healthy but lower than in Periphery and CNS controls ( Fig. 4F ). Finally, a high molecular weight isoform of PPIA was abundantly present only in ALS patients ( Supplementary Fig. 1A ), a finding that deserves further investigations. We next measured PPIA, HSC70, TDP-43 and hnRNPA2B1 in PBMC-insoluble by the slot blot approach with the single samples ( Fig. 4) . In all cases the proteins in the PBMC-insoluble were distributed differently in the four groups by univariate analysis and multivariate analysis, adjusting for age and sex ( Table   2 , Supplementary Table 1 ). Insoluble PPIA, TDP-43 and hnRNPA2B1 were higher in ALS patients than in Healthy controls, while HSC70 was not significantly different. Insoluble TDP-43 was also significantly lower in ALS than in CNS and Periphery controls. When we stratified ALS patients according to the rate of disease progression, there was a progressively higher level of insoluble hnRNPA2B1 as the rate of disease progression J o u r n a l P r e -p r o o f rose (Fig. 4E) , which is consistent with the opposite trend in the soluble fraction ( Fig. 2E) . No difference was found for PPIA, HSC70, TDP-43 in ALS patients with different disease progression rates (data not shown).
Combinations of PBMC biochemical parameters distinguish ALS from controls with high accuracy
We assessed the diagnostic values of the PBMC biochemical parameters by ROC curve analysis. Six of the 11 parameters reached an AUC equal to or greater than 0.70 ( Supplementary Table 1) , which corresponds to moderate discriminatory power. PPIA, soluble and insoluble, and TDP-43 insoluble distinguished ALS patients from healthy subjects, SOD1 insoluble ALS patients from CNS controls, PPIA soluble, hnRNPA2B1 soluble, SOD1 soluble ALS patients from Periphery controls. When combinations of parameters were considered, the discriminatory power was greater ( Fig. 5A-C) . Multivariate analysis identified PPIA soluble and hnRNPA2B1 insoluble as the combination of parameters with the best discriminatory power for distinguishing ALS patients from Healthy controls (AUC 0.85; 95% CI: 0.79-0.90). For this combination the optimal cut-off generated 74% sensitivity and 76% specificity, providing a correct classification in 77% of the cases. PPIA soluble, TDP-43 insoluble and hnRNPA2B1 soluble was the combination of parameters with the best discriminatory power for distinguishing ALS patients from CNS (AUC 0.75; 95% CI: 0.65-0.82) and
Periphery controls (AUC 0.82; 95% CI: 0.73-0.88). This combination distinguished ALS patients from CNS controls with 72% sensitivity and 60% specificity, providing a correct classification in 67% of the cases, and ALS patients from Periphery controls with 83% sensitivity and 69% specificity, providing a correct classification in 75% of the cases.
PPIA soluble has prognostic potential
We analyzed the correlations between the PBMC biochemical parameters and the clinical variables of ALS patients, such as disease severity (ALSFRS-R score), rate of disease progression (ALSFRS-R), symptom duration at sampling, and disease duration (from sampling to death or tracheostomy) ( Fig. 6 , Table 3 ). There was a significant, though weak, association between PPIA soluble or hnRNPA2B1insoluble and ALSFRS-R score ( Fig. 6A-B) , and a moderate association between TDP-43 insoluble (r=0.513, p<0.001) or SOD1 insoluble (r=0.349, p=0.001) and symptom duration at sampling ( Fig. 6C-D) . We analyzed the correlation between the biomarkers and disease duration in 66 out of 93 ALS patients (68%). After a median (interquartile J o u r n a l P r e -p r o o f range) follow-up of 66.2 (57.8-78.5) months 61 were deceased (92%). ALS patients had a median (95% CI) disease duration of 14.5 (9.5-17.4) months. Table 3 shows that PPIA soluble was the biochemical parameter best explaining the prognosis, suggesting that high PPIA soluble levels are associated with a lower risk of mortality (hazard ratio [HR] 0.94 [95% CI: 0.85-1.03]). The point estimate was confirmed (HR 0.92 [95% CI: 0.83-1.01]) adjusting for factors known to be associated with survival, such as site of onset, age at symptom onset, and sex. The unsatisfactory p value might be explained by the few death events collected, unbalanced unknown confounding factors and assumption of normality not satisfied by biomarker distribution. We next stratified patients for high or low levels of PPIA soluble, using the median PPIA soluble level as cut-off.
Kaplan-Meier curves for disease duration of ALS patients with high or low levels of PPIA soluble separated markedly, with a median disease duration 5.7 months shorter for ALS patients with low PPIA soluble levels ( Fig. 6E ), suggesting that PPIA soluble has prognostic value.
Discussion
For ALS there is no effective disease-modifying therapy. Heterogeneity and lack of specific biomarkers for early diagnosis, patient stratification and monitoring is a major limitation to the development of therapy. Easily accessible clinical samples and reliable analytical methods are fundamental for the development of biomarkers for clinical use. In this study we investigated a panel of PBMC proteins in their soluble and relatively insoluble forms in a large, well-characterized cohort of ALS patients and controls. We established a cost-effective, highly controlled analytical procedure, permitting replication studies. We found that combinations of biochemical parameters in PBMC could distinguish ALS patients from controls with high accuracy, and PPIA has promising prognostic value.
There is now compelling evidence that immune dysregulation can both initiate and contribute to the pathogenesis of ALS [18] . ALS patients have alterations in the immune system. For example, peripheral monocytes have a pro-inflammatory phenotype [35] , and dysfunctional regulatory T lymphocytes correlate with the extent and rapidity of the disease [36] . There is also evidence that PBMCs might be a useful source of protein biomarkers for ALS [19] [20] [21] [22] [23] . In two previous exploratory studies we found significant changes in the PBMC protein profile of ALS patients compared to control subjects [19, 20] . The aim of the present study J o u r n a l P r e -p r o o f was to investigate further a number of selected proteins in PBMC samples from a larger cohort of sporadic ALS patients and controls. We selected PPIA, HSC70, TDP-43 and hnRNPA2B1 as candidate protein biomarkers because they are involved in protein (PPIA, HSC70) and RNA (TDP-43 and hnRNPA2B1) homeostasis, extremely important intersecting pathways that if impaired may cause ALS [37, 38] . In contrast with NFs in biological fluids, the selected PBMC proteins are abundantly expressed and do not need sophisticated analytical methods. However, their particular biochemical characteristics call for highly controlled processing procedures to provide consistent data in a large clinical study. They were all enriched in detergent-insoluble fractions isolated from spinal cord of the mutant SOD1 mouse and post-mortem tissues of ALS patients [27, 29, 39] . In vitro, under stress conditions, PPIA, HSC70, hnRNPA2B1 and TDP-43 were associated with stress granules or granule-like structures in the cytoplasm [40] [41] [42] . They contain a lowcomplexity domain (TDP-43 and hnRNPA2B1) or have affinity for it (PPIA) [27] , which may polymerize into amyloid-like fibers [43] . Besides this panel of proteins, we analyzed SOD1 which, even without the mutation, may acquire a misfolded structure and form aggregates in brain, spinal cord and PBMCs of sporadic ALS patients [34, [44] [45] [46] . Moreover, misfolded SOD1, similarly to TDP-43 and other RNA-binding proteins, have a tendency to accumulate and aggregate within stress granules in human cells [47] . PBMC proteins were extracted by a differential detergent fractionation method that leads to separation of the PBMC-soluble and PBMC-insoluble fractions. We calculated the insolubility index for each sample to assess whether the protein partitioning changed in the different clinical conditions. Interestingly, insolubility was higher in all pathological conditions than in Healthy controls, and highest in ALS, indicating that this biochemical parameter may unmask ALS-specific features. The proteins enriched in the insoluble fraction cannot be truly considered protein aggregates since no general increase in ubiquitination was detected. Instead, in all pathological conditions there was enrichment in the markers of stress granules, such as TIA1 and G3BP1 [48] , in hnRNPA2B1 and TDP -43, RNP granule components, and in the 35 KDa TDP-43 fragment, recruited to stress granules under chronic oxidative stress [49] . There was also enrichment in SQSTM1/p62, which is implicated in stress granule targeting for autophagic degradation, also in an ubiquitin-independent manner [50] . We therefore favor the hypothesis that the insoluble fraction is enriched in supramolecular assemblies and membraneless organelles, including stress granules, that accumulate in pathological conditions.
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The single biochemical parameters were not able to distinguish accurately ALS patients from controls. However, this is not surprising, given the complexity and heterogeneity of the disease, as noted in our previous study [19] . Multiple biomarker combinations are also used in Alzheimer's disease to predict dementia in people with mild cognitive impairment [51] . The combinations of biomarkers accurately distinguished ALS patients from Healthy and Periphery controls, but performed less well for CNS controls, reflecting overlapping pathological features between ALS and diseases affecting the CNS, which are also detectable in PBMCs. For example, brain deposition of TDP-43 is in different diseases, associated or not with neurodegeneration [52] [53] [54] [55] [56] , such as stroke, progressive supranuclear palsy, Parkinson's disease, that are included in our control CNS group. It would now be interesting to see whether the biomarker signatures identified in ALS PBMCs are already detectable at a presymptomatic stage of the disease. Chiò's group detected mislocalized TDP-43 in PBMCs in three neurologically unaffected individuals carrying the familial TARDBP mutation [21, 23] .
Changes in PPIA levels were found in PBMCs of the SOD1 G93A rat model of ALS already at a presymptomatic stage [19] . This evidence suggests that at least TDP-43 and PPIA, the most significant parameters distinguishing ALS patients from healthy controls, might be useful to identify subjects at risk of disease in the absence of clinical symptoms.
In ALS patients there was a shift toward greater partitioning in the PBMC-insoluble than control condition for the bulk of the proteins, but in particular for PPIA, TDP-43 and hnRNPA2B1. This shift, which consists in a lower soluble level and/or a higher insoluble level of these proteins, correlates with a worse disease phenotype in ALS patients, such as greater severity, for PPIA and hnRNPA2B1, faster progression for hnRNPA2B1, and earlier death for PPIA. Hypothetically, under pathological conditions these proteins change their biochemical properties, quite likely through post-translational modifications, and engage in common pathogenic mechanisms, pointing to additional hints for therapies. PPIA undergoes a number of posttranslational modifications [27, 58, 59] that may be at the basis of its change in partitioning, interaction partners and functions. In the spinal cord of the mutant SOD1 mouse, PPIA already changes its post-translational pattern at a presymptomatic stage of the disease [59] . In PBMCs of ALS patients, PPIA is less Lys-acetylated than in controls, a modification necessary for PPIA to interact with TDP-43 [27] . The fact that a low level of soluble PPIA correlates with earlier death may be linked to a lack of PPIA key protective functions in the cells, since it is a foldase and a molecular chaperone with antioxidant activity [24, 25, 60, 61] . The absence of PPIA J o u r n a l P r e -p r o o f exacerbated TDP-43 and SOD1 aggregation and accelerated disease progression in the mutant SOD1 mouse model [27] . More recently, we observed that mice knockout for PPIA, without mutant SOD1, develop a neuropathological phenotype with aging (Pasetto et al., manuscript submitted). Finally, low levels of PPIA in PBMCs of ALS patients are associated with an early disease onset [20] . Thus, all these pieces of evidence indicate that PPIA is a disease modifier, with interesting prognostic potential.
ALS patients display widely differing patterns of disease manifestation and progression [3] . This heterogeneity causes problems for clinical trial interpretation and care. Stratifying ALS patients in homogenous sub-groups could be useful for developing effective and more personalized treatments, especially in cases with an unknown genetic link. Panels of biomarkers will probably be needed to stratify patients and detect changes over a short period. Validation on longitudinal cohorts is now necessary to see whether these PBMC biomarkers can be used to monitor disease progression and/or efficacy in clinical trials, with immune dysregulation/protein and RNA homeostasis mechanisms as the therapeutic targets. A good opportunity is offered by the ongoing phase II clinical trial on RNS60 (NCT03456882), a compound that has shown a therapeutic effect in the mutant SOD1 mouse model through protective glial and immune cells [62] , and longterm treatment was safe and well tolerated in ALS patients [63] . The effect of RNS60 on a panel of exploratory pharmacodynamic biomarkers in PBMCs, including PPIA, will be examined and possibly validate the use of PPIA to stratify patients.
In conclusion, PBMC proteins indicative of changes in protein and RNA homeostasis, that may underlie membraneless organelle formation, are promising biomarkers of ALS, for diagnosis, prognosis and patient stratification. Additional studies are needed to establish their clinical use. 4 , median (range) 22 (3-146) ---Survival 5 , median (95% CI) 14.5 (9.5-17.4) 1 CNS: Control subjects with diseases affecting the central nervous system (CNS controls); 2 Periphery: control subjects with diseases affecting the peripheral nervous system or muscles (Periphery controls); 3 ALSFRS-R: 48-ALSFRS-R score at sampling/time from symptom onset to sampling; 4 Symptom duration: time from symptom onset to sampling (months); 5 Survival: time from sampling to death or tracheostomy (months); followup data were available for 66 ALS patients. (95% CI) 14.5 (9.5-17.4) 1 CNS: Control subjects with diseases affecting the central nervous system (CNS controls); 2 Periphery: control subjects with diseases affecting the peripheral nervous system or muscles (Periphery controls); 3 ALSFRS-R: 48-ALSFRS-R score at sampling/time from symptom onset to sampling; 4 Symptom duration: time from symptom onset to sampling (months); 5 Survival: time from sampling to death or tracheostomy (months); followup data were available for 66 ALS patients.
- - - ALSFRS-R 3 , median (range) 0.8 (0.2-9.0) - - - Slow-ALS (ALSFRS-R ≤ 0.5) (n) 18 - - - Moderate-ALS (ALSFRS-R > 0.5, < 1) (n) 35 - - - Fast-ALS (ALSFRS-R ≥ 1) (n) 40 - - - Symptom duration
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